Abstract: Supramolecular chemistry has become a key area in emerging bottom-up nanoscience and nanotechnology. In particular, supramolecular systems that can produce a photonic output are increasingly important research targets and present various possibilities for practical applications. Accordingly, photonic properties of various supramolecular systems at the nanoscale are important in current nanotechnology. In this short review, nanophotonics in supramolecular chemistry will be briefly summarized by introducing recent examples of control of photonic responses of supramolecular systems. Topics are categorized according to the fundamental actions of their supramolecular systems: (i) self-assembly; (ii) recognition; (iii) manipulation.
Introduction
Over the past 20 years, major discoveries in science and innovation in technology have led to the development of nanoscience and nanotechnology where the fabrication of ultrasmall objects and/or control of highly precise structures are critical [1] [2] [3] [4] [5] . Successful techniques for nanostructure control currently rely heavily on sophisticated top down (engineering down) nanofabrications. These top-down approaches are based on suitable lithographic or ion implantation techniques and have resulted in various types of densely integrated device structures that make an immense contribution to high technology fields such as silicon-integrated chip technology. However, according to the so-called Moore's law [6, 7] , the current rate of miniaturization in silicon device technology will very soon be adversely affected by the physical limits of device dimensions imposed by ultra-violet, electron/ion beam and soft X-ray lithographic techniques.
In a breakthrough made possible by nanoscience and nanotechnology, an alternate approach based on bottomup (engineering-up) concepts has been introduced. These approaches rely on spontaneous processes of self-assembly [8] [9] [10] [11] and subsequent formation of nanostructure formation [12] [13] [14] [15] . Self-assembly processes are often conducted under mild conditions unlike top-down nanofabrication procedures that often require ultrahigh vacuum and laser irradiation. Thus, bottom-up approaches are applicable for the formation of nanostructures of various soft materials including organic molecules, biomolecules and their hybrids. Therefore, supramolecular chemistry, which deals with molecule-molecule interactions, has become a key science in emerging bottom-up nanoscience and nanotechnology.
In order to convert scientific knowledge to a technical application, basic phenomena should be integrated into functional systems such as stimuli-responsive devices. Nanotechnology involving bottom-up approaches often requires supramolecular systems to produce an output implying some useful functionality including electronic, photonic, chemical and biological outputs [16] [17] [18] . Of these, systems based on photonic outputs are of increasing current interest with various possibilities for practical application. Therefore, photonic properties of nanosized forms of various supramolecular systems will be of crucial importance in nanotechnology in the near future.
In this short review, nanophotonic aspects of supramolecular chemistry are briefly summarized by introducing typical recent examples of control of photonic responses from supramolecular systems. The topics are roughly categorized according to the fundamental actions of the supramolecular systems: (i) self-assembly; (ii) recognition; (iii) manipulation. The examples introduced illustrate clearly the critical relationship between nanophotonics and supramolecular chemistry.
Self-assembly
Organic dye molecules when contained in supramolecular assemblies exhibit very different spectroscopic characteristics compared to those observed for their mono-dispersed states in solution [19] [20] [21] . As is known for different assembly modes such as J-and H-aggregates, assembly motifs sensitively influence the spectroscopic properties of both their absorption and emission profiles. Therefore, photonic properties of self-assembled structures of chromophore molecules are attractive research targets in supramolecular chemistry.
Ajayaghosh and coworkers have investigated the photonic characteristics of gel-type assemblies of rather small chromophore molecules [22] [23] [24] . For example, they researched thienylenevinylene-based gels ( Figure 1A ) that exhibit epitaxial self-assembly to form aligned supramolecular wires [25] . The hydrogen-bonded networks obtained possessed enhanced electrical properties with high charge carrier mobility. In addition, thienylenevinylene molecules with amide end groups exhibited a considerable difference in their absorption spectra when contained in supramolecular assemblies. A large blue shift for the assembled structures was attributed to a large oscillator strength and strong exciton coupling based on formation of a one-dimensional arrangement of the molecules in H-type aggregates. Reversible formation of the aggregates from individual molecules was also confirmed in variable temperature experiments. The same research group reported attogram sensing of the explosive 2,4,6-trinitrotoluene (TNT) by observing the photonic behavior of a self-assembled gel of perfluoroarene-based oligo(p-phenylenevinylene) ( Figure 1B ) due to their fluorescence responses [26] . When predeposited on disposable paper strips the gel could be used to detect TNT at the attogram (10 -18 g) level with a detection limit of 0.23 ppq. TNT molecules fit vertically into the free spaces of the gel through electrostatic interactions with its fibers. Edge-to-face π-stacking between the electrondeficient aromatic core of trinitrotoluene and the electron-rich perfluoroarene moieties of the gel resulted in formation of a strongly bound complex. The entrapped trinitrotoluene molecules play the role of a fluorescence trap. The reported attogram detection level would be highly beneficial if used in a simple and low-cost protocol for the on-site detection of TNT on contaminated specimens.
Ajayaghosh et al. have also demonstrated photoinduced reversible dot to rod variation of assembled structures of azobenzene derivatives 1, 2 [27] . Irradiation of nanodots with UV light induced partial conversion of trans-azobenzene 2 to its cis-isomer 1. Even though the conversion yield is not very large a locally high concentration of the cis-isomer 1 on the surface of the dots enhanced the surface dipole moment making the nanodot structures unstable due to an increase in ζ-potential. This situation facilitates interparticle association, resulting in formation of rod-shaped structures. They also synthesized azobenzene-linked phenyleneethynylenes that could form helical supramolecular assemblies [28] . Helicity of the assemblies formed were of a specific chirality that could be reversibly switched to the opposite helical sense through a chiral-center-controlled photoisomerization of the attached azobenzene moieties. 
trans-azobenzen derivative
George and coworkers used an unsymmetrical coronene monoimide 3 for formation of hydrogen-bondingmediated supramolecular gels. Gels are formed through the concept of repulsion between dipoles to maintain a head-head staggered organization [29] . Hydrogen-bonding enforcement minimizes dipolar repulsion between chromophores. The formation of head-head assembly is highly advantageous for nonlinear optical activity. Sierra, Barluenga, and coworkers reported the aggregation-induced enhanced emission effect in self-assembled structures of 1,6-bis(4-hydroxyphenyl)-3-hexen-1,5-diyne bearing two bulky end groups derived from 3,4,5-tris(3,4,5-trihydroxybenzyloxy)benzoic acid (Figure 2A ), probably due to the restriction of intramolecular rotation [30] . This property makes it possible to obtain molecular self-assemblies as liquid-crystalline phases or organogels with intense luminescence. Del Guerzo and coworkers utilized the superior characteristics of self-assembled systems for preparation of highly organized and anisotropic nanoobjects [31] . White-light-emitting self-assembled nanofibers were obtained by blending three components, 2,3-bis(decyloxy) anthracene (blue), 2,3-bis(hexadecyloxy)-5,12-diphenyltetracene (green), and 2,3-bis(hexadecyloxy)-5,6,11,12-tetraphenyltetracene (red) ( Figure 2B ). Liu et al. reported preparation of two-component supramolecular hydrogels based on the noncovalent self-assembly between different benzene dicarboxylic acids and histidine-based bolaamphiphiles 4 [32] .
The structures of supramolecular assemblies alter depending on the relative positions of carboxylic acids at the benzene unit, leading to diverse photonic properties. Some of the assemblies exhibited a strong luminescence enhancement by doping with europium (III) chloride. This feature is difficult to achieve using normal synthetic polymers.
Kim and coworkers investigated fluorescence properties of pyrene-containing poly(arylene ether sulfone) compounds that exhibited two fluorescence switching modes in different gelation solvents [33] . In tetrahydrofuran, the assembly exhibited gelation-induced enhancement of excimer emission. In contrast, strong hydrogen bonding networks induced stacking among the pyrene moieties, resulting in fluorescence quenching in methylene chloride. Yi and coworkers synthesized phenol-substituted 1,8-naphthalimide derivatives 5 (donor) and an iridium(III) complex with orange light emission (acceptor) for tuneable emission upon mixing [34] .
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This two-component gel responded to the presence of cysteine with a visible change in luminescence. The original color of the two component gel was yellow and addition of cysteine induced color change of the gel to white.
The luminescence color of the gel changed from white to blue upon addition of cysteine. The iridium complex is probably concentrated at the gel interface and reacts with cysteine, resulting in color fading of the gel.
Recognition
Photonic aspects of supramolecular systems can be applied for use in materials detection [17, [35] [36] [37] [38] [39] . Detection of particular chemical species accompanied by specific variations of fluorescence emission is a powerful method in analytical chemistry. Fluorescent probes that bind to specific ions through supramolecular recognition are widely used in analyses of living cells [40] [41] [42] . In particular, development of a fluorescent probe for Ca 2+ ion detection fura-2 6 by Tsien and coworkers [43] promoted significant activity in the corresponding research field. , and Zn 2+ have also been developed [44] [45] [46] [47] [48] as well as probes for small molecules such as nitrogen monooxide (NO) [49, 50] . Another important milestone in biological imaging is the application of green fluorescence protein (GFP) to cell media [51] [52] [53] , which lead to the Nobel prize in Chemistry being awarded to Chalfie, Tsien, and Shimomura in 2008. GFP-based probes have been used for detection of various biological substances including Ca 2+ and cyclic-AMP [54, 55] . In the following sections, recent developments on fluorescence probe technology are first briefly overviewed. The design of fluorescent probes for organic molecules with complex structures has been an active research area where improvements of specificities in the recognition process are anticipated. Yang, Chan, and coworkers reported fluorescent probe molecules with a bis-spiropyran ligand for detection of glutathione ( Figure 3 ) [56] . Multi-point molecular recognition leads to high affinity and specificity for glutathione and this system was used to realize in vivo detection of glutathione in living cells. Detection systems for small organic molecules accompanied by selective chemical reactions in cells have also been developed. For example, Kang, Kim, and coworkers reported an off-on fluorescent probe for mitochondrial thioredoxin [57] . The synthetic probe molecules Mito-Naph 7 react with thioredoxin to induce release of thiolate via intramolecular cyclization, resulting in fluorescent compounds.
Florescence bioimaging through catalytic activation has also been investigated. Kanai and coworkers reported fluorescent detection of acetyl CoA with the probe RH-NH 2 8 upon activation of acetyl-CoA by an artificial reaction promoter. In addition to successful fluorescence imaging, regulation processes of biomolecular activation were also demonstrated [58] . The logic gate actions of supramolecular host are based on different sensitivities to Na + and H + based on an internal charge transfer mechanism. Suzuki and coworkers reported multi-detection probe molecules KCM-1 10 for Ca 2+ and Mg 2+ [60] . [62] . Combination of chemiluminescence with near infrared systems was reported by Nagano, Urano, and coworkers [63] . They realized in vivo near-infrared bioimaging using an infrared-active dye probe as an acceptor for intramolecular bioluminescence resonance energy transfer of luciferin (Figure 4) .
Fluorescence detection of ions is also important in environmental science. After nuclear power station disasters, detection of caesium becomes an important matter of public safety. In the vicinity of radiation leaks such as those which occurred at Chernobyl and more recently Fukushima, radiocaesium species including the two longer-lived isotopes of caesium, Cs-134 and Cs-137 are a major source of environmental contamination. During reactor exposure, caesium was released in a particulate form that requires detection amongst large volumes of contaminated ground soils in the solid state. Therefore, it is necessary to develop sensors for particles that contain caesium cations (Cs + ) that could be used to screen large areas of contaminated land especially in the vicinities of radiation leaks. Host-guest interactions accompanying detectable signals such as fluorescence emission provide greater spatial resolution.
The host molecule used for this purpose was 1-(4′-hydroxy phenyl)-4-phenylbenzene connected to a 4-nitrophenyl ether group through a tetraethylene glycol linker separating the two aromatic moieties ( Figure 5 ) [64] . Caesium cation-containing particles can be visualized after spraying with this host molecule in methanol, which is especially suitable for detecting caesium salts in particulate form and promotes the ability to detect them with the naked eye in the solid state. Of the cations tested, fluorescence was absent in the presence of Mg 2+ and Ca 2+ . Green fluorescence due to the presence of Cs + on dry soil was observed after spraying of the host solution, while cations such as Na + and K + lead to rather weak blue emission ( Figure 6 ). Because the wavelength of the fluorescence emission maximum is dependent on the concentration of Cs + in the mixed solid with K + , construction of a calibration curve becomes possible. The calibration curve suggests that concentrations of Cs + far lower than 1 ppm could be detected. Based on density functional theory, geometries of the resulting complexes were estimated. A weak hydrogen bond between the 4-nitro group of the 4-nitrophenyl ether moiety and one methine of the terphenol is predicted, which apparently stabilizes a quasi-macrocyclic conformation of the host molecule. This simple optical method has a higher spatial resolution for Cs-137 than existing radioscopes and gamma ray cameras. Only contaminated particles are detected by eye and can be easily removed. Therefore, the volume of radioactively contaminated material for extraction is greatly reduced.
Manipulation
As previously mentioned, photonic properties of supramolecular systems vary dynamically accompanying changes in assembly structures and molecular association/dissociation. Photonic responses from supramolecular systems can be also controlled through manipulation of supramolecular structures by external mechanical forces [65] [66] [67] . Mechanical deformation of supramolecular materials is sometimes accompanied by alteration of photonic properties of supramolecular structures. For example, Jia and coworkers demonstrated mechanochromic luminescent behavior of assemblies of a pyrene-appended dipeptide compound ( Figure 7 ) [68] . In the as-prepared powder, hydrogen bonding inhibits molecular mobility and confines the orientation of pyrene groups to a partially overlapped architecture in the excited state. Application of shearing force to the sample weakens the intermolecular interactions, leading to the disruption of the ordered structure. Increased motional freedom increases the possibility of excimer-type emission formation of stacked pairs of pyrene moieties. Thus, force-induced turn-on fluorescence is realized. Baumgartner and coworkers prepared highly fluorescent organogels from a phospholelipid system [69] . A significant emission shift from blue to orange can be induced by mechanical grinding and thermal annealing due to control of fluorescence resonance energy transfer in the donor-acceptor system. Liquid crystals are good candidates for stimuliresponsive photonic materials because their internally ordered structures can be easily altered by external forces. For example, Sagara and Kato reported luminescent liquid crystals containing the luminophore 9,10-bis(phenylethynyl)anthracene, which presents fluorescence emission of three colors (reddish-orange, yellow, and green) with switching by mechanical and thermal stimuli [70] . Reddish-orange, yellow, and green colors correspond to cubic phase, mesomorphic phase, and columnar phase, respectively.
Gel films are also stimuli-responsive materials. Mizoshita et al. demonstrated mechanical reversible fluorescence switching of a perylene bisimide dye 12 [71] . 
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The dye used cannot form hydrogen bonds and undergoes strong face-to-face π-π stacking of the core. Intermolecular interactions respond to external stimuli in the solid state. Variations in fluorescent emission caused by isothermal mechanical shearing in its films could be quickly erased by treatment of the films with solvent vapors. Jia and coworkers prepared coassemblies of a dipeptide containing a pyrene group and a dipeptide containing lactam rhodamine B (Figure 8 ) that exhibited multi-luminescent color switching from blue to green and a reddish color by applying a mechanical stimulus [72] . These color transitions included an emission wavelength shift from blue to green, and an unusual switching of emission intensity at long wavelength (non-luminescent to reddish luminescence). Thomas, Fraser, and coworkers demonstrated a visible fluorescence color change from blue-green to yellow-green for difluoroboron dibenzoylmethane-polylactide in powder and film forms by applying a shearing force [73] . A mechanically induced conversion from crystalline to amorphous induces a molecular rearrangement which permits greater rotational freedom to form excimeric or intermolecular charge-transfer species. Dong, Tang, and coworkers reported unusual aggregation-induced emission for diphenyldibenzofulvene molecules 13 [74] .
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Fluorescence of their crystals could be turned off and on respectively upon grinding and annealing, which is attributed to amorphization and crystallization. Fraser and coworkers demonstrated reversible mechanochromic luminescence of a difluoroboron avobenzone solid 14 [75] .
Only a small mechanical perturbation such as a slight touch with the tip of a cotton swab changed the greenblue film emission to yellow. This mechanochromic fluorescence was recovered spontaneously at room temperature or more quickly with heating. Kanbara and co workers reported two-step luminescence changes of a Pt(II) complex bearing hexanoylamide moieties due to mechanical and vapochromic effects [76] . Luminescence color was strongly affected by the Pt-Pt distance in molecular packing, which depends in turn upon the hydrogenbonding network structure.
A Langmuir monolayer at the air-water interface provides a unique medium where lateral mechanical forces can be confined within a monomolecular plane. Molecular aggregation and variations in their packing are easily controlled so that monolayers at the air-water interface become model systems for investigation of molecular aggregation and any accompanying photonic properties [77, 78] . We have pioneered mechanical operation of molecular machines at the air-water interface [79] [80] [81] [82] . As shown below, reversible capture and release of fluorescence guest molecules by a mechanically operated molecular machine induced modulation of fluorescence emission.
We used a steroid cyclophane as a molecular machine that contains a cyclic core of a 1,6,20,25-tetraaza[6.1.6.1] paracyclophane connected to four cholic acid moieties through a flexible l-lysine spacer ( Figure 9 ) [83, 84] . Cholic acid moieties are rigid and possess hydrophobic and hydrophilic faces which are thought to predispose it to lie flat on the water surface. Therefore, the steroid cyclophane molecules are in an open conformation when lying on water in an uncompressed state and coat the water surface at a molecular area of ca. 7 nm 2 . Upon compression of its monolayer the steroid cyclophane molecule takes up a cavity conformation in the condensed phase with an empty space remaining between the steroidal walls. Binding behavior of an aqueous naphthalene-type fluorescent guest molecule to these monolayers was investigated at the water's surface by using in situ fluorescence spectroscopy. The fluorescence intensity of the probe molecule is known to be significantly suppressed in a polar medium, and a large fluorescence can be observed only when it is inserted into the hydrophobic core of the host cyclophane. Formation of the three-dimensional cavity of the steroid cyclophane induced an increase in the surface fluorescence probably because of inclusion of the fluorescent guest into the cavity at the surface. This piezoluminescent response could also be demonstrated upon repeated compression and expansion cycles of the steroid cyclophane monolayers in the presence of the fluorescent guest molecule. A periodic change in the fluorescence intensity was confirmed according to this compressionexpansion cycle, indicating that capture and release of the fluorescent guest occurs by the dynamic cavity formation of the steroid cyclophane ( Figure 10 ).
Binding curve analyses suggest that the guest molecule is included in the steroid cyclophane cavity with a 1:1 stoichiometry at the air-water interface. Judging from other experimental evidence, including fluorescence data for the transferred monolayer and binding constants, the increased fluorescence intensity probably does not originate from the increase in the quantity of bound fluorescent guest but it reflects an increase in the intrinsic fluorescence intensity of the bound guest. The fluorescence quantum yield of the fluorescent guest decreases with the formation of a non-emissive twisted intramolecular charge transfer state, which is generally known to be destabilized in nonpolar media. The three-dimensional cavity of the steroid cyclophane provides a nonpolar environment for binding of fluorescent guest. In addition, the restricted motion of fluorescent guest at high surface pressure might suppress the formation of the twisted intramolecular charge transfer state, resulting in enhancement of the fluorescence.
In another example of mechanically modulated photonic detection of guest molecules, we have recently developed the novel concept of mechanically-controlled indicator displacement assay where the well-designed monolayer acts as a mechanically-controllable signalemission unit [85] . An amphiphilic dilysine peptide host having three important motifs, a phenylboronic acid, a cholesterol moiety, and a carboxyfluorescein indicator at the N-terminus of the peptide, was used as a receptor component at the air-water interface (Figure 11 ). Carboxyfluorescein fluorescent probe is known to serve as a fluorescence resonance energy transfer acceptor for coumarin-based indicators, such as 4-methylesculetin. We prepared a mixed monolayer of the receptor molecule and a matrix lipid, methyl stearate, where the indicators were also mixed at a surface pressure of 10 mN m . Fluorescence resonance energy transfer efficiency depends on both the distance and conformation of the fluorophores, as well as overlap efficiency of donors and acceptors.
d-glucose, as a model for the displacement guest, was added to the water subphase beneath the receptor monolayer, resulting in a decrease in the magnitude of the green fluorescence observed for the monolayer with little change in the 4-methylesculetin peak (Figure 12 ). Resonance energy transfer from the excited 4-methylesculetin to the fluorescein moiety was turned off when the glucose concentration was increased in the subphase. Analyses of the ratio of fluorescence peaks (R = F 525 /F 450 ) indicates a 1:1 stoichiometric binding where very strong binding of the guest to the host monolayer saturated in the presence of one equivalent of guest. The present method, using hostindicator complexes at a specifically defined interfacial region, might be used for detection at stressed regions by external mechanical forces. This strategy may be further applicable to biological and environmental analyses.
Perspectives
This review briefly overviews trends and possibilities of the potential applications of supramolecular chemistry compiled from recent research examples. Supramolecular chemistry is one field of chemistry while photonics is generally considered to be a branch of physics. Despite this, the potential for overlap between these fields is surprisingly large especially in a nanoscience/nanotechnology context. In nanoscience, chemistry and physics will be agglomerated to reveal new concepts and methodologies. Supramolecular chemistry plays a crucial role in emerging bottom-up nanotechnology where photonic responses are important with connotations for practical applications due to various properties. Therefore, the fusion of the two scientific categories, supramolecular chemistry and nanophotonics, to create a new scientific paradigm, supramolecular nanophotonics, should be highlighted as an important feature of current nanoscience and nanotechnology.
